. However, in most of these experimental systems, definitive proof that ceramide generation is the primary mediator of the apoptotic response is lacking. For the most part, evidence has been circumstantial and derived from studies that showed that stress induced rapid ceramide generation and that the increase in ceramide levels correlated closely with the apoptotic response (Verheij et al., 1996; Hannun and Obeid, 1995) . Treatment with bacterial sphingomyelinase or with ceramide analogs mimicked the apoptotic response, while elevation of the level of other lipid second messengers, including arachidonic acid, phosphatidic acid, and 1,2-diacylglycerol, failed to initiate apoptosis.
In the present studies, we used a genetic approach to delineate the role of acid sphingomyelinase in the apoptotic response to ionizing radiation. We show that lymphoblasts from patients with NPD exhibit a major defect in radiation-induced ceramide generation and apoptosis. These defects are reversible upon restoration of acid sphingomyelinase activity by retroviral transfer of the human acid sphingomyelinase cDNA. Further, mice rendered deficient in acid sphingomyelinase activity by targeted gene disruption also express defects in radiation-induced ceramide generation and apoptosis. A comparison of tissue responses in acid sphingomyelinase and p53 knockout mice exposed to whole-body irradiation revealed that acid sphingomyelinase-and p53-mediated apoptosis are distinct and independent. These genetic models define an obligatory role for cera- A rapid phase, detected by 1 hr with 7.5 Gy, peaked at 3 hr and was followed by a slower response ( Figure 5A ). As little as 2 Gy was effective, and a maximal effect was achieved with 10 Gy. As compared to the lung, the acid sphingomyelinase knockout mice demonstrated a less comprehensive defect in radiation-induced apoptosis in thymic tissue. Unirradiated thymic tissue from normal and knockout animals manifested a baseline 4%-5% incidence of apoptosis (data not shown). Figure 6 shows that a dose of 5 Gy induced substantial apoptosis in the thymic cortex of 129/Sv mice at 2.5 hr after irradiation. Many of the apoptotic cells formed clusters of 5-8 cells To explore the sensitivity of other p53-deficient tiscell lines from NPD patients demonstrated a defect in radiation-induced apoptosis, which was reversible upon sues to radiation-induced apoptosis, we exposed knockout mice to whole-body radiation (20 Gy). Apoprestoration of acid sphingomyelinase activity. Defects in radiation-induced apoptosis were also observed in totic responses were observed at 10 hr in the pleura, endocardium, pericardium, and the germinal centers of tissues of acid sphingomyelinase knockout mice, which contain physiologic levels of neutral sphingomyelinase the spleen (data not shown). Apoptotic responses were not observed in liver, kidney, brain, skin, the myocaractivity (Horinouchi et al., 1995). It should be noted that humans born with this mutation, as well as the acid dium, and striated muscle. This pattern of tissue response was identical to that observed in C57Bl/6, 129/ sphingomyelinase knockout mice, present no developmental defects at the time of birth. Hence, the signaling Sv, and C3H/HeJ mice when exposed to a similar radiation dose (data not shown). However, the radiation resystems for this form of stress-induced apoptosis and developmental apoptosis seem to be distinct. Consissponse in acid sphingomyelinase knockout mice differed. These mice did not develop apoptosis in tent with this notion, IL-1␤-converting enzyme, p53, and poly(ADP-ribose) polymerase knockout mice are also endocardium, pericardium, or pleura (data not shown). 
Discussion
The present investigations indicate that acid sphingomyelinase-dependent apoptosis may be distinct from The present studies address the role of ceramide generation via acid sphingomyelinase in induction of apopp53-dependent apoptosis. In some tissues, such as the endothelium of the lung and heart and the mesothelium tosis using two separate genetic models. Lymphoblast of the pleura and pericardium, radiation-induced apopal. (1994) examined the p53 dependence of this radiation response in detail and reported that specific subpopulatosis appears primarily dependent on acid sphingomyelinase and for the most part independent of p53. In tions of human peripheral blood lymphocytes underwent p53-dependent and others p53-independent apoptosis. contrast, thymic apoptosis appears highly dependent on p53 and dependent to a lesser degree on acid sphinIt remains unclear whether the small fraction of p53-deficient thymocytes that respond to radiation with gomyelinase. Hence, radiation appears capable of activating two apparently independent signaling mechaapoptosis are related to the fraction of early-responding thymocytes shown in the present study to require sphinnisms for induction of apoptosis. These signaling mechanisms may be topologically separate, as the gomyelinase activity to develop apoptosis.
Although the present studies demonstrate a role for sphingomyelin pathway appears to be membrane based, whereas p53-dependent apoptosis is considacid sphingomyelinase in signaling of the apoptotic response to ionizing radiation, they do not imply that ceraered secondary to DNA damage.
Prior investigations support the concept of apoptotic mide generation uniformly results in apoptosis. In fact, in some systems ceramide generation initiates differensignaling mechanisms that do not involve p53. ) and p53 knockout mice that were obtained 10 hr after exposure to 20 Gy whole-body irradiation and handled as in Figure 6 (original magnification, 400ϫ) . The lower panels show TUNEL stains of lung specimens obtained from the same mice (original magnification, 1000ϫ). and proinflammatory responses, whereas the carboxyl and radiation-induced apoptosis. In contrast, inactivation of the ERK cascade with dominant-negative muterminus, which contains the death domain, connected to acid sphingomyelinase (Wiegmann et al., 1994) . These tants of Raf1 and MEK1 had no effect on induction of apoptosis. Although it is presumed that the SAPK/JNK studies suggest that signaling through sphingomyelinases is compartmentalized and may lead to initiation signaling system links the cell surface to proteases that mediate the apoptotic response, information confirming of distinct biological processes. We speculate that radiation selects a compartment that links acid sphingomyethis hypothesis is presently lacking. While the present studies definitively demonstrate a linase to apoptosis.
The exact mechanism by which radiation activates requirement for acid sphingomyelinase in radiation-induced ceramide generation, we previously suggested sphingomyelinase is unknown. The capacity of radiation to activate sphingomyelinase was demonstrated in isothat neutral sphingomyelinase might be involved in ceramide generation in bovine endothelial cells (Haimovitzlated cell membrane, suggesting that DNA damage is not required (Haimovitz-Friedman et al., 1994) . Once Friedman et al., 1994). It should be noted that in these prior studies acid sphingomyelinase activity was not generated, ceramide rapidly signals activation of the SAPK/JNK cascade (Verheij et al., 1996) 
